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ABSTRACT 

Pulmonary hypertension (PH) is defined as a resting mean pulmonary artery pressure greater than 25 mmHg. The World Health 
Organization (WHO) classifies PH into five categories. The WHO nomenclature assumes shared histology and pathophysiology 
within categories and implies category-specific treatment. Imaging of the heart and pulmonary vasculature is critical to assigning 
a patient's PH syndrome to the correct WHO category and is also important in predicting outcomes. Imaging studies often reveal 
that the etiology of PH in a patient reflects contributions from several categories. Overlap between Categories 2 and 3 (left heart 
disease and lung disease) is particularly common, reflecting shared risk factors. Correct classification of PH patients requires 
the combination of standard imaging (chest roentgenograms, ventilation-perfusion scans, echocardiography, and the 12-lead 
electrocardiogram) and advanced imaging (computed tomography, cardiac magnetic resonance imaging, and positron emission 
tomography). Despite the value of imaging, cardiac catheterization remains the gold standard for quantification of hemodynamics 
and is required before initiation of PH-specific therapy. These cases illustrate the use of imaging in classifying patients into WHO 
PH Categories 1-5. 

Keywords: CREST, Eisenmenger's syndrome, late gadolinium enhancement, pulmonary artery acceleration time, pulmonary 
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INTRODUCTION 

Reviews of pulmonary hypertension (PH] almost invariably 
begin with a hemodynamic definition accompanied by a 
reference to the five categories or groups of PH. [12] The 
hemodynamic definition of PH (mean pulmonary artery 
pressure, mPAP, at rest greater than 25 mmHg] is relatively 
straightforward, although estimations of PA pressures 
by echocardiography can be unreliable. [3] The clinician's 
challenge arises when reviewing the differential diagnosis 
to place the PH patient into one of the five WHO categories 
(Table 1]. This classification has practical importance 
because there are category-specific treatments, such as 
medical therapies for pulmonary arterial hypertension 
(PAH) (Category 1 PH), [45] supplemental oxygen or 
continuous positive airway pressure (CPAP) for Category 3, 
and pulmonary artery endarterectomy for Category 4 PH, 
chronic thromboembolic PH (CTEPH). 



Address correspondence to: 
Dr. Stephen L. Archer 

Harold Hines Jr. Professor of Medicine, University of Chicago, 5841 South 
Maryland Ave., MC6080, Chicago IL 60637 USA 
Email: sarcher@medicine.bsd.uchicago.edu 



Despite the importance of imaging to the categorization of PH, 
there is a paucity of articles showing representative diagnostic 
images for the WHO categories of PH. This visual compendium 
of images obtained in patients in each of the PH categories 
is meant to illustrate key diagnostic imaging features of each 
PH category and demonstrates the role of multimodality 
imaging in the categorization of PH. Conventional imaging 
(computed tomography (CT), echocardiography and 
Ventilation-perfusion scans (VQ scans)) are used to identify 
cardiac shunts, pulmonary emboli and to characterize 
parenchymal lung disease. Doppler echocardiography is used 
to estimate pulmonary artery pressure (PAP). Although the 
ECG is technically not an imaging tool, it offers a noninvasive 
assessment of the status of the RV. Advanced imaging can 



Access this article online 


Quick Response Code: 


Website: www.pulmonarycirculation.org 




DOI : 1 0.41 03/2045-8932.94843 


How to cite this article: Ryan JJ, 
Thenappan T, Luo N, HaT, Patel AR, Rich S 
et al. The WHO classification of pulmonary 
hypertension: A case-based imaging 
compendium. Pulm Circ 201 2;2:1 07-21 . 



107 



Ryan et al.: Images in PVD 



monitor pulmonary vascular density and compliance and 
evaluate the metabolism, function, and vascularity of the 
hypertrophied right ventricle (RV). Although pulmonary 
angiography is largely reserved for Category 4 PH, the role 
of left and right heart catheterization in achieving correct 
categorization remains paramount. 

OVERVIEW OF THE WHO PH 
CLASSIFICATION 

Category 1 PH (PAH) is diverse and is unified by histological 
similarities amongst the represented diseases and the 
shared elevation of pulmonary vascular resistance (PVR). 
Category 1 includes idiopathic and familial PH, as well as PH 
associated with conditions such as collagen vascular disease, 
congenital shunts, cirrhosis and portal hypertension, 
HIV, hemoglobinopathies, and schistosomiasis. It also 
includes PH associated with drugs, such as anorexigens 



Table 1 : Updated WHO PH classification 



1. Pumonary arterial hypertension (PAH) 

1.1. Idiopathic PAH 

1.2. Heritable 

1.2.1. BMPR2 

1.2.2. ALK1, endoglin (with or without hereditary hemorrhagic 
telangiectasia) 

1.2.3. Unknown 

1.3. Drug- and toxin-induced 

1.4. Associated with 

1.4.1. Connective tissue diseases 

1.4.2. HIV infection 

1.4.3. Portal hypertension 

1.4.4. Congenital heart diseases 

1.4.5. Schistosomiasis 

1.4.6. Chronic hemolytic anemia 

1.5. Persistent pulmonary hypertension of the newborn 
1.6Pulmonary veno-occlusive disease (PVOD) and/or pulmonary 
capillary hemangiomatosis (PCH) 

2. Pulmonary hypertension owing to left heart disease 

2.1. Systokic dysfunction 

2.2. Diasgokic dysfunction 

2.3. Valvular disease 

3. Chronic obstructive pulmonary disease 

3.1. Chronic obstructive pulmonary disease 

3.2. Interstitial drug disease 

3.3. Other pulmonary diseases with mixed restrictive and 
obstructive pattern 

3.4. Sleep-disordered breathing 

3.5. Alveolar hypoventilation disorders 

3.6. Chronic exposure to high altitude 

3.7. Developmental abnormalities 

4. Chronic thromboembolic pulmonary hypertension (CTEPH) 

5. Pulmonary hypertension with unclear multifactorial mechanisms 

5.1. Hematologic disorders: Myeloproliferative disorders, 
splenectomy 

5.2. Systemic disorders: Sarcoid, pulmonary Langerhans cell 
histiocytosis: Lymphangiolelomyomatosis, neurofibromatosis, 
vasculitis 

5.3. Metabolic disorders: Glycogen storage disease, Gaucher 
disease, thyroid disorders 

5.4. Others: Tumoral obstruction, fibrosing medlastinitis, chronic 
renal failure on dialysis 



Reproduced with permission from reference 2 



or amphetamines. [2] The diagnosis of Category 1 PH is 
largely a diagnosis of exclusion (i.e., excluding Categories 
2-5 PH), a process in which imaging is crucial. Images of 
idiopathic PAH and PAH due to atrial septal defect (ASD) 
with Eisenmenger's physiology are shown (Figs. 1-7). 
In addition, complications of severe Category 1 PH are 
illustrated, including compression of the left main coronary 
artery (Fig. 5) and calcification of the proximal pulmonary 
artery (PA) (Fig. 3). Imaging can also provide clues to the 
subcategory of Category 1 PH, as illustrated in a patient with 
pulmonary capillary hemangiomatosis (PCH) (Figs. 6 and 7). 
Cardiac magnetic resonance imaging (CMR) can quantify RV 
volumes and size and, when performed using gadolinium as 
a contrast agent, provides prognostic information. 

Classification into Category 1 is not as simple as identifying 
that a patient has a Category 1-associated disease. For 
example, while sickle cell disease is in Category 1 (because 
some patients develop pulmonary vascular remodeling), 
sickle cell patients can often develop Category 2 PH, due to 
secondary hemochromatosis and a secondary restrictive 
cardiomyopathy. Certain subsets of Category 1 PH have 
significant lung disease that can complicate attribution of 
their PH to a single category (notably scleroderma patients 
who often have parenchymal lung disease, Category 3). 

Category 2 is the collection of PH syndromes resulting 
from left ventricular (LV) or left-sided valvular disease. 
Whether due to mitral stenosis, cardiomyopathy or LV 
diastolic dysfunction, Category 2 patients have PH due 
in large part to increased left atrial pressure. Category 
2 is the most common form of PH and while there is 
no approved PH-specific therapy for this category, PH 
does confer adverse prognosis to these patients (as is 
the case in Categories 3 and 5). Classically, Category 2 
patients are defined at catheterization by an elevated 
pulmonary- wedge pressure and a modest transpulmonary 
gradient (usually <10 mmHg difference between mean 
PA and wedge pressure). However, increasingly cases are 
identified where the transpulmonary gradient is increased 
disproportionately. [6] In such cases, there is likely pulmonary 
vascular remodeling. Such a case of disproportionate 
Category 2 PH is illustrated in Figure 8. In Figures 9 and 10, 
we present cases of restrictive physiology causing PH. 

Category 3 PH is PH secondary to chronic lung diseases, 
hypoxia or both (e.g., sleep apnea). This category of PH 
is characterized by mild elevations in PAP. [7] As with 
Category 2, however, there are Category 3 patients in whom 
the PH is disproportionately severe, as compared to their 
lung disease. We present a case of obstructive sleep apnea 
with severe PH (Fig. 11). 

Category 4 PH (CTEPH) is unique because it represents the 
form of PH that is curable without transplantation. [8] In this 
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Figure 1: Images obtained in a 43-year-old female with idiopathic PAH. (A) S1Q3T3 pattern noted consistent with right ventricle strain. T-wave inversion on 
anterior leads and ST depression is also suggestive of RVH with strain (note early R wave predominance in VI - V2 consistent with RVH). (B) Chest X-ray showing 
enlarged pulmonary artery and pruning of the distal pulmonary vasculature. (C) Lateral chest X-ray showing filling of the retrosternal space by an enlarged RV. 
(D) Parasternal long axis echocardiography view showing dilated RV. (E) Parasternal short axis echocardiography view showing flatted interventricular septum 
(thin white arrow), severely dilated RV and pericardial effusion (thick white arrow). (F) Tricuspid regurgitation velocity (represented by *) is proportional to right 
ventricular systolic pressure and estimated by Bernoulli's equation. (G) Measurement of PAAT (time from onset of flow to peak velocity) (thin white arrow). 
Note the notching of the PADoppler envelope, suggestive of pulmonary vascular hypertension (thick white arrow). (H) "Moth eaten" appearance of ventilation/ 
perfusion scan in idiopathic PAH with patchy perfusion defects, in this case predominantly in the left lower lobe. (I, J) Histopathology from a different patient 
with Category 1 PAH showing medial hypertrophy and intimal fibrosis of small (<200 um) PAs. 



review, we present a severe caseofCTEPH (Fig. 12]. Perfusion 
lung scanning can be helpful for the diagnosis, but will not 
reveal the proximal extent of the thromboemboli. In addition, 
patients with nonocclusive thrombi may have normal distal 
lung perfusion in those segments giving a false negative 
impression. While noninvasive imaging is key to the diagnosis 
of CTEPH, there are cases in which the CT angiography fails 
to detect the intimately incorporated thrombus, which forms 
a neointima. [9] This reminds one of the need for pulmonary 
angiography when the index of suspicion is high. 

Category 5 PH represents a heterogeneous collection 
of PH syndromes secondary to systemic diseases (i.e., 
sarcoidosis, histiocytosis X), hematological disorders 
(such as polycythemia vera or chronic myeloid leukemia) 



and extrinsic compression of the pulmonary artery. Two 
Category 5 PH cases due to examples of extrinsic PA 
compression, one caused by mediastinal calcification and 
the other by nonsmall cell lung cancer, are shown (Figs. 13 
and 14, respectively). 

CATEGORY 1 PH 

Category 1 PH: 43-year-old female with 
pulmonary arterial hypertension 

A 43-year-old female was referred for management of PH. 
She had initially presented 1 year prior for evaluation of 
progressive dyspnea and fatigue. Her ECG showed right 
axis deviation with right ventricular hypertrophy (RVH) 
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and a strain pattern (manifest as early R-wave transition 
in V1-V2 with ST depression in V1-V4]. She also had the 
S1Q3T3 pattern, defined as a prominent S wave in lead I, 
Q wave in lead III and T wave inversion in lead III. S1Q3T3 
is more commonly seen with pulmonary embolism but can 
reflect RV strain of any cause, as shown in Figure 1A. [10] 

Chest X-ray was consistent with PH with enlarged 
pulmonary arteries bilaterally, distal pruning of the 
pulmonary blood vessels and filling-in of the retrosternal 
airspace on the lateral film, consistent with right ventricular 
enlargement (Fig. IB and C]. Enlargement of the right 
descending PA >20 mm is quite specific for PH. [11] 
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Figure 2: (A) Cardiac MRI image showing late gadolinium enhancement in 
the RV insertion site (thick white arrow). (B, C) Cardiac MRI showing dilated 
right ventricle. 



Her transthoracic echocardiogram showed severe RV 
dilatation with flattening of the interventricular septum 
and LV compression consistent with RV pressure and 
volume overload (Fig. ID and E). Flattening of the 
interventricular septum that occurs only in diastole 
reflects right-sided volume overload; however, systolic 
septal flattening indicates that there is also right-sided 
pressure overload with right-sided systolic pressures 
approximating left ventricular systolic pressures. 

The tricuspid regurgitation (TR) velocity, obtained 
using continuous-wave Doppler (Fig. IF), is used to 
estimate RV systolic pressure, which is equal to the PA 
systolic pressure in the absence of pulmonic stenosis, by 
applying Bernoulli's equation (PAP systohc =4V 2 + estimated 
RA pressure; where V is the average peak TR velocity). 
Difficulties in aligning the Doppler parallel to the TR jet or 
the paucity of TR may preclude accurate assessment of PA 
systolic pressures. [3] Moreover, although TR velocity can 
quantify PA pressure, the morphology of the TR jet does 
not vary with changes in the compliance of the pulmonary 
vasculature, unlike PAAT, and thus the TR signal does not 
help categorize PH. 

In contrast, a less frequently used measure, the pulmonary 
artery acceleration time (PAAT), can be readily obtained 
in most patients and provides evidence of the state of 
pulmonary vascular remodeling (Fig. 1G). [12] To obtain 
the PAAT, defined as the time from the onset of flow 
to the peak of the ejection flow velocity (Fig. 1G), the 
pulsed-wave Doppler sample volume is placed parallel 
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Figure 3: Calcified PAs in a patient with 
atrial septal defect (ASD) and Eisenmenger's 
physiology. (A) ECG shows first-degree AV 
block, right bundle branch block. (B, C) 
Chest X-ray showing enlarged and calcified 
pulmonary artery. (D, E) Axial CT scan below 
the carina demonstrates calcification of the 
left and right pulmonary arteries. (F) Apical 
four-chamber echocardiography view showing 
ASD. (G) Color-flow Doppler echocardiogram 
showing flow through the ASD with right-to- 
left shunt that caused her paradoxical embolic 
stroke. 
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Figure 4: Congenital heart disease patient 
(ASD) with out-of-hospital sudden cardiac 
death. (A) ECG showing severe RVH. (B) 
Severe RV hypertrophy and dilatation. (C, D) 
Ostium secundum atrial septal defect. 




Figure 5: Patient with ASD and left main 
coronary artery compression. (A) ECG 
showing right atrial enlargement and severe 
RVH. (B) Chest X-ray showing severely 
enlarged PA. (C) Lateral chest X-ray showing 
filling of the retrosternal space. (D, E) 
Coronary angiogram showing compression 
of left main coronary artery (small caliber 
of left main, white arrow). (F) Transverse 
section at level of bifurcation of pulmonary 
artery showing proximity of left pulmonary 
artery (LPA) to the left main coronary artery 
and compression (white arrow). RPA: Right 
pulmonary artery; Ao: Aorta. (G) Sagittal 
views left main coronary artery (white arrow) 
compressed by pulmonary artery (PA). 



to flow in the main PA. Because the difference in PAAT 
between normal PA pressure and severe PH is small, it 
is crucial to record the signal at high sweep speed and 
optimize the filtering and velocity scale. The shorter the 
acceleration time, the more severe the PH with a value 
of <80 ms being regarded as abnormal. [13] In order to 
estimate mean PAP using PAAT, each echocardiography 



laboratory should determine a regression equation 
correlating mean PAP, measured by catheterization, with 
PAAT. In PH due to pulmonary vascular disease the PA 
Doppler envelope develops systolic notching. This notch 
results from a reflection wave from the noncompliant 
pulmonary vasculature that "cancels" forward velocity. 
In rodent models, shortening of the PAAT with notching 
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Figure 6: Category 1 PH diagnosed postmortem 
as secondary to pulmonary capillary 
hemangiomatosis (PCH). (A) ECG shows 
mild left ventricular hypertrophy and right 
atrial enlargement. (B, C) Chest X-ray shows 
PA enlargement and cephalization with Kerly 
B lines. (D) Gross dissection of the heart 
shows thickened and dilated right ventricle. 

(E) Pulmonary capillary hemangiomatosis, 
seen as increased numbers of pulmonary 
capillaries swollen with large numbers of red 
blood cells, sharply demarcated from normal- 
appearing lung parenchyma (H and E, xlOO). 

(F) Muscularization of a small-caliber arteriole. 
Surrounding alveolar septal capillaries with 
changes of pulmonary capillary hemangiomatosis 
(HandE, x200). 
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Figure 7: Category 1 PH due to a second case 
of pulmonary capillary hemangiomatosis. (A) 
ECG showing sinus tachycardia and right atrial 
enlargement. (B) Chest X-ray on presentation 
with cardiomegaly and clear lung fields. (C) 
Chest X-ray after initiation of sildenafil showing 
pulmonary edema. (D) Ventilation-perfusion 
scan showing accentuation of basilar perfusion 
images. (E) Gross dissection of the heart shows 
thickened and dilated RV. (F) Patchy areas of 
pulmonary capillary proliferations engorged 
with red blood. (G) Concentric intimal fibrosis 
and medial hypertrophy of pulmonary arteries 
and arterioles. 



routinely develops as PAH progresses and these changes 
resolve with experimental therapies. [14] 

A nuclear ventilation/perfusion (VQ) scan which shows 
some patchy perfusion defects is consistent with Category 
1 PH (Fig. 1H). Both this "moth-eaten" appearance on the 
perfusion scan and the pruning on chest X-ray (loss of 



arterial markings in the lung periphery) reflect the small 
vessel obliteration that typifies Category 1 PH. These are 
the imaging correlates of the histological changes seen in 
PAH (Fig. II and J). Hemodynamic measurements by right 
heart catheterization (RHC] at the time of diagnosis are 
shown in the table in Figure 1. The patient was started on 
sildenafil and subcutaneous treprostinil and ultimately 
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Figure 8: Category 2 PH after mitral valve 
repair. (A) Normal sinus rhythm with lateral 
T wave flattening. (B) Chest X-ray showing 
splaying of carina and left atrial enlargement. 
(C) Lateral chest X-ray showing mitral ring in 
place and RV enlargement. (D) Representative 
long axis echocardiography view showing 
RV enlargement, left ventricular hypertrophy 
(RVDd: Right ventricular diastolic diameter; 
LVDd: Left ventricular diastolic diameter; 
IVS: Interventricular septum). (E) Parasternal 
short axis echocardiography view showing 
septal flattening. (F) Color flow Doppler 
showing severe TR. (G) TR velocity and 
waveform. (H) Turbulence across the 
prosthetic mitral valve. (I) CW Doppler flow 
across mitral valve showing normal gradient 
for size (dashed tracing) and short half-time 
(dashed line) suggesting normally functioning 
mitral valve repair. Pressure half-time of >1 80 
ms may be abnormal. (J) Pulmonary artery 
pressure tracing and pulmonary capillary 
wedge pressure tracing showing pulmonary 
hypertension and normal pulmonary wedge 
(PW) pressure. 
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Figure 9: Category 2 PH secondary to 
restrictive physiology. (A) ECG showing 
diffuse T wave inversion. (B) Chest X-ray with 
right-sided pleural effusion on presentation. 
(C) Chest X-ray after pleurocentesis left-sided 
heart enlargement is apparent. (D) Apical 
4-chamber echocardiography view showing 
thickening of the lateral LV wall (black 
arrow). (E) CT scan showing fibrotic lung 
disease with right pleural effusion and left 
ventricle wall mass (white arrow). (F) Cardiac 
MRI showing right-sided pleural effusion 
and LV wall mass secondary to growth from 
non-Hodgkins lymphoma in thorax (white 
arrow). (G) Still-frame left ventriculogram 
showing restriction of filling due to extrinsic 
compression. (H) Simultaneous right and left 
heart catheterization showing equalization 
of diastolic filling pressures at -28 mmHg. 
PVR in this study was normal (1.9 Wood 
Units), indicating that the PH was not due to 
pulmonary vascular disease. 



transitioned to intravenous prostaglandins. This therapy 
was maintained for 6 years before the patient succumbed 
to RV failure. 

Imaging lesson 

The vascular remodeling of the distal resistance pulmonary 
arterioles, which is a hallmark of Category 1 PH, can 
be detected by the notching observed in PA Doppler at 
echocardiogram as well as the vascular pruning seen in 



chest X-ray and the "moth-eaten" appearance of the VQ scan. 
The RVH and strain pattern on ECG and RV pressure-volume 
overload, on transthoracic echocardiogram, help quantify 
the disease severity but are not specific for Category 1 PH. 

Category 1 PH: CMR imaging to assess the RV 

In Figure 2, we present two patients with PAH who have 
dilated right ventricles. Panel A is a 36-year-old female 
with WHO functional class IV PAH on intravenous (IV] 
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Figure 10: (A) ECG showing left ventricular 
hypertrophy. (B, C) Chest X-ray showing 
cardiomegaly. (D) T2 Star Cardiac MRI short 
axis images demonstrating reduced T2 star time 
<10 ms suggesting significant iron overload 
and no signal from dark liver (white arrow). 
(E) CT transverse section of abdomen showing 
hepatomegaly. (F) T2 Star MRI of the liver 
showing total darkness consistent with iron 
overload (white arrow). (G) Simultaneous 
right and left heart catheterization showing 
near-equalization of diastolic filling pressures 
at -20 mmHg. 
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Figure 11: Images obtained in 3 5 -year-old 
male with cor pulmonale. (A) S1Q3T3 pattern 
noted consistent with right ventricle strain. 
RVH is evident from the prominent R wave 
in the early precordial leads. Evidence of 
pulmonary disease, with failure of R wave 
transition and presence of Rs in V4. (B, 
C) PA and lateral chest X-ray with severe 
4-chamber cardiomegaly with pulmonary 
vascular redistribution and visible obesity. (D, 
E) Normal VQ scan, performed anteriorly due 
to excess obesity. (F-H) CT showing moderate 
to severe cardiomegaly with normal lung 
parenchyma, mild dependent hypo ventilatory 
changes and abdominal obesity. (I) PA pressure 
measurements decrease over the course of first 
5 days of hospitalization while receiving CPAP 
and intensive diuresis (red line: Systolic PAP, 
green line: Diastolic PAP). 



treprostinil. Panel 2B-C is a 61-year-old male with PAH who 
was WHO functional class II on sildenafil. In Figure 2A, the 
late gadolinium enhancement at the RV insertion is shown. 
In Figure 2B and C, a severely dilated RV is seen. 

Imaging lesson 

CMR has contributed greatly to the evaluation of PH 
patients. RV morphology on CMR can predict the extent of 
PAP elevation. [15] Also, late gadolinium enhancement at the 



insertion point of the RV has been studied as a prognostic 
indicator in PH patients. [16] CMR permits reproducible 
measurements of RV volumes. [17] Arguably CMR should 
be a routine part of the diagnosis and follow-up of PH 
patients. 

Category 1 PH: ASD with paradoxical 
embolization and calcified pulmonary arteries 

This 56-year-old female has Category 1 PH secondary 
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Figure 12: WHO Group 4 - chronic 
thromboembolic pulmonary hypertension. (A) 
Twelve-lead electrocardiogram showing S 1 Q3T3 
suggestive of right ventricular strain, and right axis 
deviation. (B, C) Chest X-ray: Massively enlarged 
central pulmonary arteries. (D-E) Ventilation 
perfusion scan revealing perfusion defect in 
left lower lobe (F-H) Computed tomographic 
pulmonary angiogram demonstrating massively 
dilated main pulmonary artery, eccentric mural 
thrombus in the right main pulmonary artery 
and its proximal branches (dashed white arrow). 




Figure 13: WHO Group 5 - Pulmonary 
hypertension with unclear or multifactorial 
etiologies. (A) ECG showing left ventricular 
hypertrophy. (B, C) Chest X-ray, PA and 
lateral with no edema or cardiomegaly. 
(D) Computerized tomographic scan of 
the chest showing a 4.9 x 2.9 cm calcified 
mediastinal mass compressing the right main 
pulmonary artery (white arrow). (E) A filling 
defect from a thrombus in the right main 
pulmonary artery (dashed white arrow). (F) CT 
scan showing oligemia of the entire right lung. 
(G, H) VQ scan showing a complete absence of 
perfusion to the entire right lung (white arrow). 



to an ostium secundum atrial septal defect (ASD) and 
Eisenmenger's physiology, with bidirectional interatrial 
flow after a failed pericardial patch repair 12 years prior. 
She had a paradoxical embolism causing a right hemispheric 
stroke 1 year prior to admission. ECG shows first-degree 
atrial-ventricular and right bundle branch block, both 



common in ASD (Fig. 3A]. Chest X-ray (Fig. 3B and C) 
shows enlargement and calcification of the proximal PAs 
and pruning of the peripheral PAs. PA calcification reflects 
long-standing PAH typically associated with congenital 
heart disease with shunt lesions. [1819] Extensive calcification 
within both pulmonary arteries was also confirmed on 
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chest CT (Fig. 3D and E). Echocardiogram showed an atrial 
septal defect with bidirectional flow and concentric RVH 
with preserved RV systolic function (Fig. 3F and G). Her 
RHC confirmed that the PH was pulmonary vascular in 
origin (i.e., high transpulmonary gradient and PVR, table 
in Fig. 3) and demonstrated that she was a vasodilator 
"nonresponder." Despite declining IV epoprostenol, the 
patient remains WHO functional class II on sildenafil and 
bosentan after 7 years. 

Imaging lesson 

This patient's concentric RVH and preserved RV systolic 
function portend a good outcome, as does the etiology 
of her subcategory of PH 1 (congenital heart disease). 
The essential role of echocardiography in assessing the 
interatrial septum and evaluating RV function is illustrated. 
Calcified PAs are most commonly seen with Category 1 PH 
associated with congenital heart diseases (patent ductus 
or ASD), although calcified PA thrombi have been reported 
in Category 4 PH. [20] 

Category 1 PH: Cardiac arrest in Eisenmenger's 
syndrome 

In contrast to Figure 3, whose subject was WHO functional 
class II despite severe PAH, Figure 4 shows the autopsy 
findings of a female in her third decade. This patient also 
had a secundum ASD and Eisenmenger's physiology but 
suffered out-of-hospital cardiac arrest. An ECG obtained 
shortly before her death shows severe right axis deviation 
and RVH (Fig. 4A]. This is consistent with the dilated right 



Figure 14: Category 5 PH. (A) ECG showed 
non-specific TW flattening. (B, C) Chest X-ray 
showed left-sided pleural effusion. (D, E) CT 
scan showed extensive confluent mediastinal 
and bihilar lymphadenopathy, compressing 
both pulmonary arteries, right more so than 
left. The tumor was also seen around the 
pericardium. Left-sided pleural effusion is 
visualized. (F) Right ventricular outflow tract 
echocardiogram color flow view showing 
turbulence distal to the pulmonic valve. 
(G) Pulsed wave Doppler across stenosis 
showing flow acceleration, with flow of 2 m/s 
(compared with normal of 1 m/s). 



ventricle with focal thinning noted at autopsy (Fig. 4B]. 
Figure 4C and D shows the anatomy of the ostium 
secundum ASD. 

Imaging lesson 

Most PH patients develop symptoms or die when the RV 
thins, dilates and/or becomes hypokinetic. 

Category 1 PH: Compression of the left main 
coronary artery by hypertensive PAs 

This case demonstrates an uncommon but well-described 
clinical complication of severe PH secondary to ASD. This 
WHO functional class IV 28-year-old female was referred 
for evaluation of PH. She had been doing well until 4 years 
prior to presentation when she developed progressive 
dyspnea and syncope. Transthoracic echocardiogram 
at that time showed severe RV dilatation and ASD. The 
ASD was deemed unsuitable for closure due to systemic 
desaturation and elevation in RV pressures on transient 
occlusion of the ASD. Transthoracic echocardiography 
confirmed the presence of ASD and RV dilatation. The 
patient underwent RHC (Table 2). Based on the negative 
response to vasodilator therapy (a rise in PAP and fall in 
cardiac output], the patient was referred for evaluation for 
lung transplantation. As part of the evaluation, the patient 
underwent coronary angiography and was found to have 
left main compression resulting from severe enlargement 
of her main PA (Fig. 5D and E). CT scan confirmed this 
and the proximity of the PA to left main coronary artery is 
illustrated (Fig. 5F and G]. 
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Table 2: Hemodynamics and shunt study in a patient with ASD and left main coronary artery compression by a dilated 
main pulmonary artery 



Hemodynamics and shunt run 




Baseline 


Adenosine 




Baseline 


Adenosine 


RA (mmHg) 


13 


12 


PV sat 


97% 


97% 


RV (mmHg) 


115/15 




PA sat 


52.4% 


68.5% 


PA (mmHg) 


112/40 


130/50 


Ao sat 


79% 


89.2% 


PCWP 


10 


10 


IVC sat 


49% 


57.3% 


CO (L/min) 


3.46 


3.27 


SVC 


49% 


56.7% 


PA sat 


52.40% 


68.50% 


QP 


2.32 


3.68 


Ao sat 


79% 


82% 


Qs 


3.46 


3.27 


PVR (WU) 


16 


22 


L^R flow 


0.16 L/min 


1.06 L/min 








R^L flow 


1.3 L/min 


0.64 L/min 








(Bidirectional shunt) 







PA: pulmonary artery; ASD: atrial septal defect; RA: right atrium; RV: right ventricle; PCWP: pulmonary capillary wedge pressure; CO: cardiac output; Ao: aorto; 
sat: Saturation; PVR: pulmonary vascular resistance; WU: wood units; PV: pulmonary vein; IVC: inferior vena cava; SVC: superior vena cava; Qp: pulmonic blood 
flow; Qs: systemic blood flow; L: left, R: right 



Most cases of left main compression due to PA enlargement 
are complications of ASD, ventricular septal defect (VSD) 
or tetralogy of Fallot (TOF). [21] They can be an incidental 
finding or present with angina or dyspnea. Enlarged 
PAs in PH can also compress the proximal airways. 
The optimal management of this PH complication is 
uncertain with some proponents for left main stenting if 
LV ischemia is demonstrated. [22] In this case the patient 
was referred for consideration of combined heart and 
lung transplantation. 

Imaging lesson 

Mitsudo et al. reported narrowing of left main coronary 
artery in 44% of 16 ASD patients with PH, [23] indicating that 
it is not an uncommon complication. 

Category 1 PH: Apparent mixture of categories 
2 and 3 PH diagnosed as PCH on autopsy 

A 69-year-old male with a history of essential hypertension, 
coronary artery disease, and past smoking history 
developed worsening dyspnea and fatigue 1 year before 
presentation. He had a history of sleep apnea but was 
poorly compliant with CPAP. A drug-eluting stent was 
placed in his left circumflex coronary artery 1 year prior 
to his presentation. ECG showed right atrial hypertrophy 
(and mild left ventricular hypertrophy [Fig. 6A]). 
Chest X-ray (Fig. 6B and C) showed cephalization of 
pulmonary vasculature with bilateral PA enlargement 
and hyperinflated lungs. There were increased interstitial 
markings and Kerley B lines. Echocardiogram showed 
normal left ventricular function, dilated right ventricle 
and elevated left-sided filling pressures. Right heart 
catheterization showed elevated PAP and a pulmonary 
capillary wedge pressure of 19 mmHg (table in Fig. 6]. 
The patient's DLCO was 43% of the predicted level on 
PFTs without significant evidence of obstructive or 
restrictive airway disease. Therapy included improved 
blood pressure control (using an angiotensin receptor 



blocker) and the off-label use of the phosphodiesterase-5 
inhibitor, sildenafil, for presumptive Category 2 PH. [24] The 
patient's functional class improved from WHO IV to WHO 
II and he did well for 2 years but ultimately expired due to 
azotemia and decompensated RV failure (which persisted 
despite admission for diuresis and inotropic support). His 
autopsy revealed an enlarged heart weighing 645 g with 
four-chamber dilatation (Fig. 6D). The RV wall thickness 
was at the upper limit of normal (0.5 cm, consistent with 
the absence of RVH on ECG). Lung histology (Fig. 6E and F) 
revealed medial hypertrophy and muscularization of small 
PAs and surprisingly demonstrated PCH, highlighting 
the frequent overlap in categories that can occur within 
patients and also the limitations of imaging in definitive 
classification. 

Imaging lesson 

This case illustrates one of the persistent difficulties in 
appropriately categorizing patients and in turn determining 
the best treatment options for patients with a new diagnosis 
of PH. The interstitial changes seen on chest X-ray, although 
initially concerning for pulmonary edema, can also be seen 
with PCH or pulmonary veno-occlusive disease. This patient 
responded well both clinically and hemodynamically to off- 
label phosphodiesterase-5 inhibition. He satisfied clinical 
diagnostic criteria for diastolic dysfunction (Category 2 
PH); however, post-mortem results showed features of 
PCH, illustrating the importance of obtaining an autopsy 
whenever possible in PH patients. 

Category 1 PH: Pulmonary edema with 
vasodilators in a patient with post-mortem 
diagnosis of PCH 

A 54-year-old female presented with a 5-month history of 
dyspnea, orthopnea, lower leg swelling, and a recent 15-lb 
weight gain. The patient had a history of CREST syndrome 
with limited scleroderma, an antiphospholipid antibody 
syndrome and a recent diagnosis of PAH by RHC. Chest X-ray 
on presentation (Fig. 7B and C) showed cardiomegaly and no 
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interstitial disease. VQ scan (Fig. 7D) showed accentuation 
of basilar perfusion. RHC (table in Fig. 7) results classified 
the patient as a borderline vasodilator responder (mean 
PAP fell from 56 mmHg to 43 mmHg with adenosine). The 
right coronary artery (RCA) was also found to be stenotic 
and the 80% lesion in her relatively small RCA was stented. 
The patient was started on sildenafil. The following day the 
patient became hypotensive and dyspneic. Chest X-ray at that 
time (Fig. 7C) was significant for subtle signs of pulmonary 
edema. Pressures and PVR on a repeat RHC were increased 
(table in Fig. 7). The patient was managed supportively in the 
ICU with vasopressors and diuretics before being discharged 
home 1 week later. While at home, the patient experienced 
in-stent thrombosis of her RCA. On readmission, care was 
ultimately withdrawn and the patient expired. 

On autopsy the heart was enlarged (690 g) with biventricular 
dilatation (Fig. 7E). In all lung sections, there were multifocal 
and patchy areas of pulmonary capillary proliferations 
engorged with red blood cells (Fig. 7F). There was 
marked and diffuse concentric intimal fibrosis and 
medial hypertrophy of the small PAs. Some vessels were 
almost entirely occluded (Fig. 7G). No plexiform lesions 
were identified. The extensive multifocal proliferation of 
capillaries along with arteriolar thickening supports a 
diagnosis of PCH. 

Imaging lesson 

PCH remains a very difficult diagnosis to make antemortem. 
In retrospect it was suggested in this case by the development 
of pulmonary edema and worsened pulmonary hypertension 
after the introduction of a vasodilator (sildenafil), [25] and the 
accentuation of basilar perfusion on the VQ scan. [26] 

CATEGORY 2 PH 

Category 2 PH: Persistent PH after correction of 
aortic stenosis and mitral insufficiency disease 

A 56-year-old female presented 1 month after an aortic 
valve replacement (AVR) for aortic stenosis (AS) with 
concomitant mitral and tricuspid valve repair for mitral 
regurgitation (MR) and TR. The accompanying chest X-ray 
showed left atrial enlargement, evident from flattening of 
the left heart border and splaying of the carina (Fig. 8B 
and C). The echocardiogram showed RV enlargement and 
LVH (Fig. 8D and E) as well as significant TR with elevated 
estimated RVSP (Fig. 8F and G). The aortic prosthesis 
functioned normally. Although there was mild gradient 
across the mitral valve prosthesis (Fig. 8H and I), the normal 
pressure half-time was indicative of a nonstenotic repaired 
valve (Fig. 81). The pulmonary capillary wedge pressure 
was mildly elevated at 12 mmHg (Fig. 8J); however, the 
transpulmonary gradient was increased and was dynamic, 
decreasing with inhaled nitric oxide. 



Imaging lesson 

This patient's dyspnea and PH following mitral surgery 
reflect an elevated transpulmonary gradient as a result 
of a dynamic elevation in pulmonary vascular tone. The 
vasodilator responsiveness in this case suggests a possible 
role for therapy with sildenafil (off-label) and would only 
be identified if the noninvasive diagnosis of PH were 
investigated by a RHC. 

Category 2 PH: Restrictive cardiomyopathy 
caused by tumor infiltration 

This 72-year-old male had non-Hodgkin's lymphoma 
presenting as a neck mass 20 years prior to presentation. 
He was treated with chemotherapy and local radiation 
therapy. Six months prior to presentation, he developed a 
large mass on his right neck which on biopsy was found to 
be recurrent non-Hodgkin's lymphoma and he was treated 
with local radiation therapy. One month prior to admission 
he developed dyspnea, pedal edema, and ascites, with a 30-lb 
weight gain. On exam, the patient had a JVP 18 cm above the 
manubrio-sternal angle with a steep Y descent, 2+ pitting 
edema to shin, ascites, hepatomegaly, and decreased breath 
sounds on the right lung with dullness to percussion and 
decreased vocal fremitus. Chest X-ray confirmed right-sided 
pleural effusion (Fig. 9B), which after pleurocentesis showed 
cardiomegaly (Fig. 9C). Echocardiogram was significant for 
right ventricular enlargement, flattening of interventricular 
septum, and thickening of the lateral wall of the left 
ventricle (Fig. 9D). CT chest showed fibrotic lung disease 
likely secondary to radiation therapy, pleural effusion, but 
most importantly, a left ventricular wall mass (Fig. 9E). On 
CMR, the mass was extrinsic to the heart and deformed 
the inferior wall of the LV (Fig. 9F). The patient underwent 
left ventriculography (Fig. 9G) confirming that the mass 
impinged upon and distorted the inferior wall of the left 
ventricle. Simultaneous right and left heart catheterization 
confirmed that the PH reflected restrictive physiology 
diagnosed by the near equalization of diastolic pressures, 
the steep Y descent and the "square root sign" of the RV 
diastolic pressure trace (Fig. 9H). This PH resulted from 
recurrent non-Hodgkin's Lymphoma causing LV restrictive 
physiology. Upon receiving therapy for his tumor, the mass 
shrank and the RV failure signs and symptoms resolved. 

Imaging lesson 

This case illustrates the utility of imaging in identifying the 
PH as Category 2 based on the presence of an extracardiac 
mass. However, the key role of hemodynamics in confirming 
that the etiology of the PH and right heart failure reflected 
restrictive physiology is paramount. 

Category 2 PH: The complexities of categorization 
of PH - not all Sickle cell PH is Category 1 PH 

A 53-year-old African-American female with sickle cell disease 
was admitted to the coronary care unit with a diagnosis of 
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RV failure. She had multiple hospital admissions for dyspnea 
and volume overload, and Doppler echocardiography 
had identified elevated PAP. She had previously been 
presumptively classified as Category 1 PH (without a 
RHC), based on the history of sickle cell disease. During the 
current admission, she had hepatic encephalopathy with 
hyperammonemia (ammonia: 276 mcg/dl. normal values 
20-70 mcg/dl) and was found to have hepatomegaly on CT 
(Fig. 10E). Her ferritin level was 9811 ng/ml (normal values: 
10-220 ng/ml). Invasive hemodynamics confirmed PH 
(table in Fig. 10) but showed near-equalization of diastolic 
pressures consistent with the restrictive physiology of an 
infiltrative cardiomyopathy (Fig. 10G). Ultimately myocardial 
iron overload secondary to chronic blood transfusion was 
confirmed by CMR (Fig. 10D). In the CMR, the T2-star short 
axis images should retain an intense ("bright") myocardial 
signal for the entirety of the series of images presented here. 
T2-star time in the normal myocardium is >20 ms. This 
patient's T2-star time is <10 ms, consistent with significant 
iron overload and has been associated with a very poor 
prognosis and ventricular arrhythmia independently of liver 
iron content and serum ferritin. [27 28] Also, on T2-star imaging, 
the liver appears very dark, again consistent with severe iron 
overload (Fig. 10F). The patient was subsequently initiated on 
IV desferrioxamine therapy, which has been shown to improve 
LV function in patients with secondary hemochromatosis.^ 

Image lesson 

This case reinforces the fact that the presence of a PH- 
associated disease is insufficient to categorize a patient. 
PH is prevalent among patients with sickle cell disease, 
recently shown to be present in 6% of patients. [30] While 
the presumed etiology of PH associated with hemolytic 
anemias such as thalassemia is pulmonary vascular disease, 
histologically similar to other disease entities within 
Category 1 PH, [31] a RHC is required to accurately categorize 
PH and in this case dramatically altered therapy. 



catheter revealed PA pressures of >80/40 mmHg (table 
in Fig. 11). The wedge pressure could not be obtained 
due to patient size. A VQ scan was low probability for 
pulmonary emboli (Fig. 11D and E). His CT angiogram 
showed moderate to severe cardiomegaly with evidence of 
elevated right heart pressures and normal lung parenchyma 
other than mild dependent hypoventilation (Fig. 11F-H). 
The patient, however, did exhibit daytime hypoxemia and 
hypercapnia on room air as evidenced by an arterial blood 
gas, which showed pH 7.35, PaC0 2 49 mmHg, Pa0 2 70 
mmHg, and Sa0 2 93%. Given the patient's extreme obesity 
and evidence of daytime alveolar hypoventilation, his case 
is consistent with obesity hypoventilation syndrome (OHS) 
causing cor pulmonale. With diuresis, ultrafiltration and 
nocturnal positive airway pressure his PH was reduced and 
he lost >65 lbs of fluid over 25 days (Fig. 111). 

In classic "Pickwickian" syndrome, [32] an early description 
of what is now characterized as OHS, overall daytime 
hypoventilation related to markedly restricted lung 
volumes is coupled with significant nocturnal hypoxemia 
and episodes of obstructive sleep apnea (OSA). Episodic 
and eventually chronic hypoxia induces vasoconstriction 
of the small pulmonary arteries, leading to transient but 
repetitive elevations of PAP and RVH. [33] 

Imaging lesson 

Imaging (and RHC) in obese patients is challenging. 
Elevations in PAP from obesity, OHS, and respiratory 
disease are typically milder than in other forms of PH; [34] 
however the chamber dilation and volume overload that 
ensues can be dramatic, as in this case. In addition, patients 
often have risk factors for PH that ultimately contribute 
to their PH syndrome. This patient did have portal 
hypertension; however, his PH decreased substantially 
with CPAP, suggesting sleep apnea was the predominant 
cause. 



CATEGORY 3 PH 

Category 3 PH: The Pickwick Papers redux 

A 35-year-old welder with Class IV obesity (BMI 65 kg/m 2 ) 
presented to the emergency room for a 3 -month history of 
weight gain, dyspnea and edema. His family reported he had 
periods of apnea and daytime hypersomnolence. He had 
cirrhosis and thrombocytopenia with portal hypertension, 
possibly secondary to alcohol use. ECG showed right axis 
deviation, incomplete right bundle branch, S1Q3T3 pattern 
and delayed R wave transition consistent with lung disease 
(Fig. 11A). Initial chest X-ray showed severe four-chamber 
cardiomegaly with pulmonary vascular redistribution 
(Fig. 11B and C). Transthoracic echocardiogram showed a 
severely dilated RV and severely reduced RV performance 
but normal left ventricular systolic function. A Swan-Ganz 



CATEGORY 4 PH 

Category 4 PH: Chronic thromboembolic 
pulmonary hypertension 

This 50-year-old male presented to an outside hospital 
with exertional dyspnea, and was referred to our 
institution for further evaluation of PH. He has a history 
of chronic liver disease secondary to hepatitis C infection 
and chronic obstructive lung disease. His ECG showed 
right axis deviation and an S1Q3T3 pattern (Fig. 12A). 
His chest X-ray showed an enlarged RV, a severely dilated 
main pulmonary artery, and dilated bilateral pulmonary 
arteries, consistent with long-standing PH (Fig. 12B 
and C). Echocardiogram showed severe RV dilatation 
and dysfunction and a flattened interventricular septum, 
consistent with RV volume and pressure overload. 
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RHC (table in Fig. 12) revealed severely elevated PAP. 
Pulmonary function testing was consistent with severe 
obstructive lung disease with a FEV1/FVC ratio of 49%, 
total lung capacity of 105%, residual volume of 162% 
and a DLCO of 21.26 ml/min/mmHg (72% predicted). 
Although he had risk factors for Category 1 and 3 PH 
(i.e., chronic liver disease and chronic obstructive 
pulmonary disease), adherence to the recommended 
diagnostic algorithm [35] led to a VQ scan that showed 
small unmatched perfusion defect in the left lower lobe 
(Fig. 12D and E). Subsequently, a CT pulmonary angiogram 
showed a filling defect in the right main pulmonary artery 
and the right middle lobe branch suggestive of pulmonary 
embolism (Fig. 12F-H). The thrombus in the right main 
PA had recanalized, evident from the contrast within the 
thrombus and the absence of right-sided perfusion defect 
on the VQ scan. The CT scan also confirmed the massive 
enlargement of the pulmonary arteries. The patient was 
started on warfarin and sildenafil. Although pulmonary 
endarterectomy (PEA) represents a definitive cure of 
CTEPH, [8] this patient was not referred for PEA due to 
his other significant co-morbidities (liver disease and 
thrombocytopenia). 

Imaging lesson 

This case demonstrates the complementary role of CT 
pulmonary angiography and VQ scans in detecting CTEPH 
(both modalities being fallible). 

CATEGORY 5 PH 

Category 5 PH: PH due to extrinsic PA obstruction 

A 29-year-old male who was recently diagnosed with 
testicular cancer was referred for a radical orchiectomy 
and abdominal lymph node dissection. On post-operative 
day 1, he developed sudden dyspnea and hypoxemia. 
ECG and chest X-ray were unremarkable (Fig. 13A- 
C). Echocardiography showed normal left ventricular 
function with moderately dilated and reduced RV function. 
Pulmonary artery systolic pressure was estimated at 40 
mmHg+RA pressure. A CT pulmonary angiogram revealed 
a calcified mediastinal mass compressing the right main PA 
(Fig. 13D and E). There was a filling defect adherent to the 
vessel wall extending from the right main PA to the right 
lower lobe PA suggestive of a thrombus (Fig. 13E and F). The 
VQ scan showed normal ventilation in both lungs (Fig. 13G) 
with absence of perfusion in the right lung, consistent with 
right PA compression (Fig. 13H). 

Figure 14 shows the case of a 54-year-old male with 
non-small cell lung cancer. He presented to a clinic with 
worsening dyspnea and cough. Chest X-ray showed pleural 
effusion (Fig. 14B and C). CT scan showed extensive confluent 
mediastinal and bihilar lymphadenopathy compressing both 



pulmonary arteries and involving the pericardium (Fig. 14D 
and E). Obstruction to RV outflow was visualized on the 
echocardiogram as flow acceleration detected by color- and 
pulsed-wave Doppler (Fig. 14F and G). 

Imaging lesson 

CT scan and MRI are the usual modes of imaging by which 
Category 5 PH is detected. Extrinsic compression of the PA 
can obstruct flow, causing RV hypertension. However, if the 
obstruction is proximal (as in these cases) it is probable that 
there will be no PH and that PVR will be normal. 

CONCLUSIONS 

These cases offer representative examples of each category 
of PH in the WHO classification. 
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